THE EFFECT OF ALCOHOLIC SOLUTIONS ON THE THERMO-MECHANICAL
PROPERTIES OF POLY (LACTIC ACID)

By

Dian Xu

A THESIS

Submitted to
Michigan State University
in partial fulfilment of the requirements
for the degree of

Packaging—Master of Science

2021



ABSTRACT

THE EFFECT OF ALCOHOLIC SOLUTIONS ON THE THERMO-MECHANICAL
PROPERTIES OF POLY (LACTIC ACID)

By
Dian Xu
The effects of aqueous and deuterium oxide solutions of straight-chain alcohols with one
to four carbon atoms on the thermo-mechanical properties of poly(lactic acid) — PLA —
films were assessed by dynamic mechanical analysis (DMA). The glass transition
temperature (Tg4) of PLA films immersed in 25%, 50%, 75%, and 100% (v/v) alcoholic
solutions were compared with the Tg's of films immersed in 100% HPLC water and
deuterium oxide. The Ty's of PLA films immersed in methanol and ethanol (one to two
carbon atoms) aqueous solutions decreased as the concentration of the alcohol solutions
increased. For methanol and ethanol, the T4's decreased by 8.6 °C and 7.6 °C per every
25% (v/v) increase of alcohol, respectively. When the PLA films were immersed in alcohol
solutions with three to four carbon atoms, the Ty's reduced until 75% (v/v). Tg's of PLA
films immersed in 1-propanol and 2-propanol decreased by 8.6 °C and 8.9 °C for every
25% increase of propanol, respectively. Aqueous and deuterium oxide solutions had
similar effects on T4. The sorption amount of ethanol in PLA films at 40 °C was measured
by quantitative proton nuclear magnetic resonance ("H-gNMR). PLA films experienced
the most significant sorption amount of ethanol (9.16%) at 4 h of immersion. The
crystallinity (Xc) of PLA immersed in ethanol in the first 12 h, was less than 3%. When the
time reached 24 h, the X: exceeded 20%, and after 48 h stabilized at about 30%
meanwhile the ethanol sorption stabilized at around 5%. The results of this work help in

the development of PLA films needed to be in contact with aqueous-alcoholic solutions.
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CHAPTER 1 Introduction
1.1 Background and motivation

During the last several decades, to achieve energy saving, environmental footprint
reduction, and increase the recycling rate of plastic products, the research of bio-based
polymers has been gradually developed. Focusing on the packaging field, not only the
effective re-using or recycling of plastics, such as polyolefins (high-density polyethylene
(HDPE), low-density polyethylene (LDPE), and polypropylene (PP)) and poly(ethylene
terephthalate) (PET) but also the use of novel renewable materials can play a significant
role in reducing the burden of plastics on the environment [1-6].

Among these renewable and biodegradable polymers, poly(lactic acid) -PLA- has
become a highly sought and widely used material able to be recycled to its monomers
and reduce the consumption of non-renewable resources [7,8]. As a compostable
polymer with one of the lowest environmental footprints per kilogram of resin, PLA can be
completely industrial composted to CO2 and water by the action of microorganisms in the
environment [9-11]. PLA has been used in many fields including food packaging,
biomedicine, and agriculture. But its properties are easily affected by environmental
conditions such as temperature and humidity. To expand PLA’s potential applications,
research on PLA has been focused on areas such as the synthesis and characterization
of PLA’s blends or composites as they can present better thermal stability, higher
mechanical strength, and be more resistant to hydrolysis compared to the neat PLA [12—
16].

Furthermore, in the field of food packaging, some studies have shown that organic

substances such as aroma compounds can interact with food packaging materials such



as polyolefins, polycarbonate (PC), and PET as well as PLA and change their properties
and performance. These interactions can cause the swelling or plasticization of polymers,
thereby reducing the performance of the packaging and affecting the shelf life of the
product [17-20]. Similarly, the sorption of organic vapors (ethanol, 1-propanol, and 2-
propanol) on the PLA film can cause vapor-induced crystallization [21]. In addition,
solvent-induced crystallization can also be observed on PLA film immersed in a liquid
organic solvent. For example, Sato et al. [22] investigated the effects of organic solvents
on PLA film by using the Hansen solubility parameter (HSP) and found that PLA films
immersed in some organic solvents such as methanol, ethanol, and 1-propanol became
cloudy without the change of chemical structure, and instead of depending on the type of
solvents, their crystalline structure depends on the degree of swelling. By using in-situ
time-resolved Fourier transform infrared-attenuated total reflectance (FTIR-ATR)
spectroscopy, Davis et al. [23] found that with the increase of water vapor activities, the
water inside PLA form larger water cluster.

The interaction of a mixture of organic solvents and water with PLA film during
immersion can affect the hydrolytic degradation and the thermal properties of PLA during
its service life. The different concentrations of ethanol-aqueous solution can affect the
hydrolytic degradation of PLA and further affect the release of an organic compound from
the PLA matrix._Compared with unsubmerged PLA, Sonchaeng et al. reported that the
glass transition temperature (T4) of PLA film in a mixed solution of organic compounds
and water decreases, and the concentration of the solution affects the reduction of T4
[24]. However, this study did not quantify the amount of solution absorbed in the PLA

films. Furthermore, Ifiguez-Franco et al. studied the hydrolytic degradation of PLA-



nanocomposite produced with organomodified montmorillonite at 5 wt% (PLA-OMMT) in
ethanol solutions at 40 °C. They found that when PLA-OMMT is immersed in a higher
concentration of an ethanol-aqueous solution, the release of organomodifier (QAC) is
higher than that in a lower concentration solution during the early stage. But later the
release is higher in a lower concentration solution. The release increases exponentially
due to faster hydrolysis making it easier for the QAC molecules to diffuse out of the film
[25]. However, so far, there is limited information regarding the effects of immersion of
PLA in various concentrations of organic compounds, such as alcohol-aqueous solutions,
on the thermal properties of PLA films.

In addition, because the OH/OD bond length and the hydrogen bond length
between water and deuterium oxide (D20) are different, it is essential to compare the
effect of water and D20 on the thermo-properties of PLA. Also, when conducting NMR
experiments, water from the environment can interfere with the experimental results,
thereby hindering the quantification of water and alcohol sorption in PLA, but using D20
can avoid this problem [25].

Thus, it is necessary to accurately measure the sorption capacity of PLA film to
alcohol solutions and the change in its thermo-mechanical properties to fully develop PLA
applications. By detecting the thermo-mechanical properties of PLA, including the
dynamic modulus and Ty, the changes in the chemical structure of PLA films immersed
in alcohol-aqueous solutions can be analyzed. Understanding the principle of the
interaction of PLA with organic compounds can help to design better packaging systems

based on PLA.



1.2 Overall goal and objectives

The overall goal of this thesis is to determine the effect of alcohol-aqueous and
deuterium oxide solutions on the thermo-mechanical properties of PLA. To achieve this
goal, this thesis aims to address two specific objectives, which are:

Objective 1: To understand the effect of alcohol-aqueous solution exposure on
the thermo-mechanical properties of PLA films.

Objective 2: To quantify the sorption of alcohols and water and D20 in PLA films.
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CHAPTER 2 Literature Review
2.1 Introduction of PLA

Due to the exploitation and consumption of fossil fuels during the last
century, the concentration of methane (CH4) and carbon dioxide (CO2) in the
atmosphere has far exceeded natural levels forcing people to pay more attention
to using sustainable resources [1,2]. The CO2 produced by the burning of fossil
fuels is one of the main factors contributing to global warming [3,4]. To slow this
trend, people have begun to search for new materials that can replace
unsustainable fossil-derived materials such as plastics [1]. Among the wide variety
of plastics, most of them are derived from fossil fuels. Although plastic production
only accounts for about 4% to 5% of global crude oil consumption, the
development of plastics derived from renewable resources can open the path for
a new circular plastic economy [3]. Some biopolymers with lower environmental
footprints (EFPs) than fossil-based polymers have been gradually developed, and
poly(lactic acid) -PLA is one of them. A life cycle assessment (LCA) study — a
method to determine the EFPs of a product or system — of the PLA production
process found that in the long run, the PLA production process can not only get rid
of the dependence on fossil energy but also become a source of carbon credits [5].
Figure 2.1 shows the cradle-to-cradle life cycle of PLA products. Initially, starch is
extracted from corn or other grains, then fermented into lactic acid (LA) and
processed into PLA. PLA resins can be used to develop products for industries
such as packaging, medical and agriculture [6]. At the end of their useful life, the

products can be completely hydrolyzed and chemically recycled or recovered



through composting. The degradation time of PLA in an industrial compost
environment is about 6 months and in the environment around 2 years, while the
degradation time of traditional plastics such as polystyrene (PS) and polyethylene
(PE) is 500 to 1000 years [7-9]. Unlike PS, which needs to be degraded to the
parts per million (ppm) level to avoid toxicity, the hydrolysate byproducts of PLA
are LA, which is an inherent benign substance in the human body and food [10].
Therefore, improving the production and performance of PLA is of positive

significance for increasing its use and protecting the environment [11].

-

Corn starch

c
HC” N\ jev
on ¥ oH

Lactic acid

Incineration

PLA product

Landfill

Figure 2.1 Life cycle of PLA and its products, adapted from [2,6,12].
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2.2 Production of PLA

PLA is a linear aliphatic thermoplastic polyester with a chemical basic
chemical structure as -(CH3CHO-CO)»- [13]. In 1845, the French chemist
Théophile-Jules Pelouze synthesized it for the first time through the condensation
reaction of LA [14,15]. Since then, many efforts have been made to reduce the
synthesis cost and increase the molecular weight of the synthesized PLA.
Nowadays, PLA can be obtained by two major routes, which are the ring-opening
polymerization (ROP) of lactide and the direct condensation polymerization of LA.
By using a stannous octoate-based catalyst, the ROP route provides easy access
to high molecular weight PLA. As a form of chain-growth polymerization, the
principle of ROP is the terminal end of a chain acting as a reactive center and other
cyclic monomers can react by opening PLA'’s ring system to form a longer chain
[16,17]. Because ROP does not require high temperature and long reaction time,
it is also the most commonly used commercial production method [5,18,19].

Compared with the first route, because of the difficulty of removing water
and impurities from viscous polymer, direct condensation polymerization can only
produce low to intermediate molecular weight PLA [18,20]. The LA monomer used
in the second route is obtained from the fermentation of sugar raw materials
including starch, glucose, lactose, and maltose from corn or potatoes [21,22]. The
use of renewable raw materials has become one major advantage of PLA over
fossil-based plastics. In addition to the above routes, an azeotropic dehydration
condensation route, which is a biosynthesis method using enzyme-catalyzed

processes can also be used to produce PLA [18,23-25].
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During the production process, three forms of PLA can be formed, including
poly-L-lactic acid (PLLA), poly-p-lactic acid (PDLA), and poly-p-lactic acid
(PDLLA). This is because LA, the basic building block of PLA, is a chiral molecule
with L-type and p-type isomers [18,21]. LA can be produced through microbial
fermentation through chemical or biological routes. The chemical synthesis is
based on the hydrolysis of lactonitrile by strong acids and is not conducive to
producing a mixture of levorotatory L(+) and dextrorotatory p(-) lactic acid. The
production of PLA requires LA with high optical purity of L(+) or p(-), which can be
achieved well through biosynthesis [26]. The different synthesis methods for

producing PLA are shown in Figure 2.2.
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Figure 2.2 The synthesis routes of high molecular weight PLA, adapted from

[12,18,23].

2.3 PLA properties

2.3.1 Structure-property relationship PLA
2.3.1.1 Chain and nanophase structure

Since the basic monomer to produce PLA is LA, four different atoms and
groups are attached to its a carbon atom with optical activity. The optical isomers
are L-lactic acid and p-lactic acid, thus producing PDLA, PLLA, and PDLLA. PDLLA

can be amorphous or semi-crystalline, if PLA synthesized from LA contains = 8%
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D-lactide (DLA) and/or meso-lactide, it will be amorphous because the PLA
molecules cannot be arranged regularly, while PLLA and PDLA are both
thermoplastic crystalline polymers and semi-crystalline polymers [27,28]. The
thermo-mechanical properties of PLA change according to its structural phases
[29]. The general description of semi-crystalline polymers such as PLA is
composed of two separate phases, one is the amorphous phase and the other is
the crystalline phase. A more complete description proposed by Wunderlich [30]
shows that it also contains intermediate nanophases that exist at the interface
between the crystal and the surrounding melt. Since the length of the polymer
molecule is much higher than the size of the crystalline phase in at least one
direction, the decoupling between the crystalline phase and the amorphous phase

is incomplete [31].

Spherulite

Folding chain

Chain with |
a free end

Tie chain /|

Crystalline lamella

RAF
MAF
RAF

Crystalline lamella

Crystalline
lamella

amorphous \
fraction (MAF)
Rigid amorphous fraction
(RAF)

Figure 2.3 Schematic representation of crystalline lamella, rigid amorphous
fraction, and mobile amorphous fractions in spherulite of a semi-crystalline polymer,

adapted from [32-36].

14



According to the degree of coupling with the crystalline phase, the
amorphous part can be subdivided into a mobile amorphous fraction (MAF) and a
rigid amorphous fraction (RAF) as shown in Figure 2.3 [30,35]. MAF consists of
the polymer chains that are decoupled from the crystals and mobilize at Ty [35].
RAF is attributed to the area where the chain is constrained at the boundary of the
crystalline fraction [36,37]. There are some studies indicated that the RAF has an
effect on mechanical behavior and gas permeability of the semi-crystalline PLA

[38-40].

2.3.1.2 Crystal structure

Under different crystallization conditions or external field induction, PLA will
form different types of spherulites. The crystal forms of PLA include a crystal form,
B crystal form, y crystal form, and & (or a'or disordered a) crystal form, which have
different spiral structures and unit symmetry [41,42]. In addition to the limiting
disordered modifications such as a' and B’, there are also some limiting ordered
modifications such as a” and B” as described in some studies [43—45]. The a
crystal form (pseudo-orthorhombic or orthorhombic unit cell) is formed when PLA
is crystallized from a melt or solution [41,46,47], and it is also the most common
and stable polymorph. The B crystal form (trigonal or orthorhombic unit cell) is
obtained by applying stretching at high draw-ratio and high-temperature conditions
to the a crystal form, and its thermal stability is poorer than that of the a crystal
form since the melting temperature (Tnm) is relatively low [47]. In addition, y form

(orthorhombic unit cell) can be obtained by epitaxial crystallization [47,48].
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Compared with the a form, the chain packing of the & form is looser and less
ordered [49]. Also, PLLA and PDLA could be mixed at a 1:1 molar ratio to form the
PLA stereocomplex crystal (SC) [42]. Compared with the a form, PLA SC has
better thermal properties. The T, of SC is higher than that of the a form, which

makes it attractive for being used in various areas [50].

Table 2.1 Crystal forms and chain conformations of PLA.

Crystal Growth condition Chain conformation  Crystal system
form
a Melt/cold- 103 helical Pseudo-
crystallization, or orthorhombic
solution
Orthorhombic
a’'(d) Melt/cold- N/A Pseudo-hexagonal
crystallization
B Stretching under 31 helical Orthorhombic
high temperature _
and high draw-ratio, Trigonal

melt-spun, and
solution-spun

1% epitaxial 31 helical Orthorhombic
crystallization
SC Blend of PLLA and 31 helical Triclinic
PDLA
31 helical Trigonal

Note: N/A denotes not available.
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Table 2.2 Crystal forms, size of lattice, crystallization temperature, and melting

temperature of PLA.

Crystal size of lattice Crystallization Melting Ref.
form temperature temperature
(Tc) °C (Tm) °C
a, A b, A c, A
a 10.3- 59-64 27.8-28.8 ~130 ~180 [52]
10.7
10.5- 6.0-6.1 28.7-28.8 (Pseudo-
10.7 i orthorhombic)
a'(d) 10.8 6.2 28.8 Below 110° -
B 10.3- 17.7- 9 - - [33]
10.4 18.2
10.5 10.5 8.8 - -
1% 9.9 6.2 8.8 - -
SC 9.16 9.16 8.7 - ~230 [49]
(Triclinic)
14.98 14.98 8.7 - ~230
(Trigonal)

2.3.1.3 Glass transition temperature

The glass transition temperature (Ty) of PLA is in the range of 58-65 °C [51—
53]. Because the mobility of polymer chains is related to Ty, the Ty is very important
in determining the crystallization window of PLA [49]. The T4 can be affected by
different chain architectures, the minor unit concentration of additives, molecular
weight, and external condition such as pressure. Due to the higher free volume
caused by more chain ends, the Tq4 value of branched PLA is lower than that of
linear structure [49,54,55]. Saeidlou et al. [49] indicated that under a given

molecular weight, the increase in optical impurities reduces PLA’s Tyg. The minor
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unit concentration is defined as p-lactate in the case of an L-lactide rich PLA and
as L-lactate for a p-lactide rich PLA. And for PLA with different bp-lactate
concentrations, the T4 increases rapidly before the molecular weight increases to
80-100 kg/mol, but then reaches a constant value. In this case, the T4 can be

predicted by using the Flory—Fox equation given by

Ty =T —— (2.1)

in which T, is the glass transition temperature for infinite molecular weight, K is a
constant expressed in °C kg/mol and M, is the number- average molecular weight.

In addition to the internal structure of the polymer, external conditions may
also affect the T4 of PLA. But in fact, these external conditions, such as exposure
to organic solvents, also change the thermo-mechanical properties by changing
the matrix structure. Sato et al. [56] found that the T4 of PLA film not immersed in
organic solvent was 60.3t£2.1 °C, but when PLA film was immersed in different
organic solvents at 35 °C for 24 h, there would be slight changes in Tg4. For
example, Ty became 57.5+1.8 °C after being immersed in 1-butanol. Also, in the
study of Sonchaeng et al. [57], when PLA was immersed in alcohol and alcohol
aqueous solution, the T4 of PLA was lower than that of dry PLA. Sonchaeng et al.
[57] also reported that for the smallest and lowest molecular weight aliphatic
alcohol — methanol, the T4reduced the most. For larger, higher molecular weight
aliphatic alcohols, the change in Tg became smaller. In their work, the decrease in
the T4 of PLA in alcohol was attributed to the interaction between alcohol and PLA,

in which small molecular weight alcohols can plasticize the PLA matrix leading to
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the movement of PLA segmental chains, and therefore has a lower Ty, but this

hypothesis needs further verification.

2.3.2 Properties of PLA affected by alcohol exposure
2.3.2.1 Solubility

Hildebrand et al. [58-60] first proposed the concept of the solubility
parameter and cohesive energy only produced by dispersion. The solubility
parameter in Eq. 2.2 is called the Hildebrand solubility parameter or Hildebrand
parameter [60].

§ = (CED)Y? = [AH — (E)]l/z - (é—E)l/Z (2.2)

Vm m

where ¢ denotes the solubility parameter, CED is the cohesive energy density, AH
is the enthalpy of vaporization, R is gas constant, T is temperature, 1},, is molar
volume, AE is the free energy of vaporization.

Also, the Hildebrand solubility parameter is related to the heat or enthalpy
of mixing. The relationship between them is shown in the following equations

[61,62]:
AH,, = nV,®, (85 — 5,)>2 (2.3)

AG,, = AH,, — TASy, (2.4)

where AH,, is the heat of mixing, ny and V; denote the moles and molar volume of

the solvent, @, is the volume fraction of polymer. §; and 4, are the solubility
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parameters of solvent and polymer, respectively. AG,, is Gibb’s free energy and
AS,, is the entropy of mixing at temperature T.

When the solubility parameters of a solvent and polymer are similar, the
polymer will be more soluble in the solvent. According to the equation above, the
greater the difference in solubility parameters, the greater the value of the heat of
mixing, then the higher the temperature at which the polymer to be soluble [58].

To further improve this concept, polar and hydrogen bonding forces were
also taken into consideration, Hansen [63] proposed an extended system, treating
cohesive energy as the sum of contributions from dispersive (Eq), polar (Ep), and

hydrogen bonding (Es), as shown in the formulas below [60,64,65]:

Econ = Eq+E, + Ep (2.5)

Econ/Vin = Eq/Vin+Ep [Vin + Ep [V (2.6)

84 = (Ed/Vm)l/Z: 5p = (Ep/Vm)l/Zl Op = (Eh/vm)l/zr (2.7)
6% =65+ 6% + 6 (2.8)

where E,;, denotes the total cohesion energy, 1}, is molar volume, § is the total
solubility parameter, 84, 6,, 6, are the dispersive, the polar, and the hydrogen
bonding contributions respectively.

The three solubility parameters are related to each other. Sato et al. [56]
indicated that &, depends on the hydrogen bonding as well as 6, and §,, and
based on the three cohesive parameters, §, reflects the solubility of PLA more

effectively.
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For the polymer in organic solvents, an equation to predict the solubility of

the polymer has been proposed. The equation is shown below [64,65]:

(Ra)? = 4(842 — 841)% + (8p2 — 6p1)* + (Spz — 6p1)? (2.9)

where R, is the solubility parameter “distance”, and has a unit of (MPa)/?; 1
represents the polymer, 2 represents the solvent (i.e., §,, is the dispersive
solubility parameter for the solvent, and §,; is the polar solubility
parameter for the polymer). The constant “4” was predicted by the Prigogine
corresponding state theory (CST) of polymer solutions for representing the
solubility data as a sphere encompassing the solvent correctly [65].

If the R, value is small, it indicates that the solubility of the solute polymer
in the solvent is high, because the interaction forces between the solute molecules
and the solvent molecules are similar. In contrast, a large R, indicates that the
solubility of the polymer in the solvent is low [64]. Specifically, if the radius of
polymer’s solubility parameters in the three-dimensional space R, is greater than
R,, then this polymer is soluble in the solvent, and if R; < R,, then the polymer is
insoluble. In other words, when the solubility parameter distance increases, the
solubility will decrease [66].

In some other cases, it is also necessary to calculate the change of the
84, 8, and &, parameters of the liquids with the temperature, for example,
Sonchaeng et al. [67] calculated the temperature of PLA in-situ immersion T4 by

using the following formulas [65]:
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ds,

d _ _ 2.10
- 1.25a6, (2.10)
ds,
v _ _ 2.11
T 0.5a6, ( )
ds
d—Yf‘ = —5,(1.22 x 1073 + 0.5q) (2.12)

where T is temperature, « is the coefficient of thermal expansion.

Figure 2.4 shows the polymer solubility graph based on the Hansen
parameter system. When the relative energy difference (RED) between the
polymer and solvent is greater than 1, the polymer is not soluble in the solvent. If

RED is lower than 1, then the polymer is soluble in the solvent.

not soluble - e

0, ¢

Figure 2.4 Polymer solubility graph based on the Hansen parameter system. RED
represents the relative energy difference, Ry is the interaction radius. Adapted from

[64,68,69].
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In addition, if the solubility parameter value is known, there is another
method called the group contribution method proposed by Hoftyzer and Van
Krevelen that can be used to measure the degree of swelling of the polymer in the
solvent [60,70]. However, compared with using the solubility parameter calculated
by the group contribution method to estimate the solubility of the PLA film, using
the Hansen solubility parameter (HSP) to analyze the solubility is more accurate
[56].

Based on the HSP, Lindvig et al. [71] presented the estimation of the Flory—
Huggins coefficient to predict the coefficients of solvent activity at infinite dilution
in several polymers. The lower the Flory-Huggins interaction parameter (FH
parameter, y;,) value ( y;, < 0.5), the greater the miscibility. y;, can be predicted

as follows:

|4
X12 = aR_;((adz —641)* + 0.25(6p2 — 5p1)2 +0.25(6p2 — 8n1)?) (2.13)

where a is the Lindvig’s coefficient (a = 0-1), V; is the molar volume of the solvent,

R denotes the gas constant, T is the temperature [60,65].

2.3.2.2 Degree of swelling

Swelling is one of the structural changes that PLA may undergo when it
comes into contact with organic solvents. The degree of swelling of PLA is affected
by the solubility parameters. By immersing the PLA films in different organic
solvents, Sato et al. [56] found that there is a relationship between the degree of

swelling and the total HSP, that is, compared with other values, when the total
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solubility parameter of the solvent is close to 21.2 MPa’/2, which is the total HSP
of PLA, greater swelling would occur. In addition, Gee et al. [72] indicated that the
swelling of rubber is maximum when (84, — 64;)? = 0. Udayakumar et al. [73] also
got a similar conclusion about PLLA in organic solvents such as ethyl acetate (EA),
o-dichlorobenzene (ODCB), and nitrobenzene (NB). The degree of swelling can
be obtained by the following equation [74]:

WsWp

Degree of swelling (%) = x 100 (2.14)

D

where Ws (g) is the weight of the swollen film, W}, is the weight of the dry film.

The degree of swelling was reported to be related to the concentration of
the organic solution. Shinkawa et al. [74] studied the swelling behavior of PLA in
ethanol solution and found that the sorption amount of ethanol and water on the
PLA film is proportional to the feed concentration. In the ethanol solution, hydrogen
bonds are formed between water molecules, and the water molecules are
connected to ethanol molecules through hydrogen bonds to form hydrates [75].
The molecular interaction in the alcohol solution is illustrated in Figure 2.5. Usually,
it can be suggested that the interaction between PLA and ethanol is stronger than
the interaction between PLA and water. When the concentration of ethanol
increased from 10 wt% to 50 wt%, the swelling degree of water for PLA film
increased by about 4 times, and the swelling degree of ethanol for PLA film
increased by 11 times. When the feed concentration was 10 wt%, the
concentration of ethanol in the PLA film was 11 wt% ethanol/PLA, and when the

feed concentration was 50 wt%, the concentration of ethanol in the film reached
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almost 20 wt% ethanol/PLA. At different concentrations, because the sorption and
diffusion mechanisms were different, the permeation mechanisms of ethanol and

water were also different [76].

0 0
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H 104.5° H“:{OY g R 108" H.\
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Figure 2.5 The molecular interaction between hydroxyl groups in alcohol-aqueous
solution, adapted from [77,78].

The swelling behavior could also be affected by the pH of the aqueous
solutions and the molecular weight of polymers [79,80]. An aqueous solution with
a higher pH value can promote the swelling of PLA, which may be related to the
degradation rate, and PLA can exhibit better stability under a higher pH condition
[79]. Andreopoulos et al. [80] immersed amorphous PLA in the buffer solution with
a pH of 7.2. They found that compared with low molecular weight PLA, the
degradation of high molecular weight PLA would lead to a modified product that
swell more easily. They also reported that for low molecular weight polymers,
hydrolytic degradation would start in a few days, while for high molecular weight
polymers, it takes longer and may require a two-stage mechanism. They
concluded that the reason for this phenomenon is the random depolymerization
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reactions that occur with the condensation of PLA produce diverse lengths of chain
fragments. Thus, the polydispersity of the swollen sample is different from that of
the original sample, and its molecular weight distribution changed, leading to
changes in the swelling behavior of the sample. So, when studying the swelling
behavior of PLA in organic solvents, the molecular weight of the PLA samples must

be controlled.

2.3.2.3 Diffusion and permeation

The transmission behavior of the alcohol solution can be detected by using
the pervaporation (PV) studies [74,81], and the diffusion behavior can be estimated
by studying the separation factors (i.e., permselective separation factor ap
solubility selectivity as, and the diffusion selectivity ap) for the organic solution
through PLA film. Shinkawa et al. [74] reported that the permeability of alcohol
(such as ethanol) will be affected by the crystalline state of the PLA film because
during the permeation process, the feed solution can be dissolved and diffused
only in the amorphous regions of the film. Also, the total flux of ethanol solution
through PLA film mainly depends on the flux of water. In the PV method, the
permeate flux [kg/(m?h)] and permselective separation factor ar can be obtained

by the following equations:

= 2.15
] =17 (2.15)
ap = Pwater/Pethanol (216)
Fwater/Fethanol
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where J is the diffusive flux, Q is the permeate weight (kg), A is the area of PLA
film (m?2), t is the operating time (h). P represents the weight fraction in permeate
phase, F is the weight fraction in the feed phase [74,82,83].

To estimate the solubility selectivity as (water/ethanol), Eq. 2.17 was used:

Mwater/Methanol
0(5 =

(2.17)

Fwater/Fethanol

where M represents the weight fractions of water or ethanol in the PLA film, F
denotes the weight fractions of water or ethanol in the solution.
In addition, Fick’s first law can be used for calculating the diffusion

selectivity ap, the equations are shown below [74,84,85]:

do
= _p-*t 2.18
Jx=-D— (2.18)
] = &(e]"”l -1) (2.19)
yl
Ox = kSx (2.20)
1.5 N 100 521
k ds  df (2.21)
p=2t—Do 2.22
~ InD,/D, (2.22)
D; = Dye?? (2.23)
j= Do _ DS (2.24)
l l
D,
ap = —22ter (2.25)
Dethanol
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where J, is the diffusion flux in the x-direction, D is the diffusion coefficient, ¢ is
the liquid concentration per unit area in the film, x denotes the position, which is
the distance along the direction of permeation. The parameter y is the
characteristic of the influence of solvent concentration on the movement of polymer
chain segments. D is the apparent diffusion coefficient, [ is the thickness of the film,
k is a coefficient that controls the conversion of concentration units. S is the
swelling ratio of the film in the solution, ds and d; are the densities of the sorbed
solution and the film, respectively.

PLA was found to have water permselective properties by analyzing the
separation factor. The water molecule with a smaller molecular size (0.311 nm) is
easier to diffuse than the ethanol molecule with a larger size (0.460 nm) [74]. When
the solution concentration increased, the diffusion coefficient of ethanol was almost
constant, while the diffusion coefficient of water decreased. The reason for this
phenomenon was considered to be the interaction between ethanol molecules and
water molecules or the interaction between ethanol molecules and PLA [74,86]. It
was presumed that the dissolution of ethanol may cause the chain gap of PLA to
increase and the hydration between water and ethanol molecules may also reduce

the diffusivity of the water molecules.

2.3.2.4 Crystal structure and crystallinity

The effect of alcohol on the crystallization of PLA film has been examined
in many studies. These studies are mainly divided into two types, the study of

vapor-induced crystallization and the study of solvent-induced crystallization. In
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vapor-induced crystallization, the amount of the crystal nucleus increased because
the organic vapor was dispersed throughout the film. In solvent-induced
crystallization, the crystal developed from the nucleus, and the size of the crystal
nucleus changed. The solvent-induced crystallization is caused by the dissolution
of high polarity organic solvents in the interstices of polymer chains [43,56,87]. The
difference between vapor-induced and solvent-induced crystallization is shown in

Figure 2.6.

Vapor-induced crystallization
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Figure 2.6 Difference between vapor-induced and solvent-induced crystallization,
figure adapted from [43].

Generally, the dissolution of vapor molecules relative to macromolecules is
explained by sorption, which includes the adsorption on the surface of polymer film
and the absorption inside the film. The sorption amount means the amount of
gaseous molecules dissolved in the film [43,88]. Sato et al. [87] investigated the
effect of methanol and ethanol vapor-induced crystallization on the structure of

PLA. The a-crystal was formed in the vapor-induced crystallization. The dissolution
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of these organic solvents with high polarity in the chain interstitial spaces of PLA
can cause slight cloudiness, but no chemical structure changes of PLA. Moriizumi
et al. [43] measured the organic vapor sorption to PLA and found that the alcohol
vapors sorbed in the PLA film caused vapor-induced crystallization, and formed
different crystal modifications. In addition, in the low-pressure region, as the
amount of alcohol vapor volume decreased, the sorption amount of alcohols
increased. Compared with molecules without side chains (linear 1-propanol), the
sorption amount of the molecules containing side chains (branched 2-propanol)
was reduced. In the high-pressure area, as the cluster size increased, the PLA film
tended to swell and be plasticized, and the rate of sorption further increased.
Besides, after sorption of ethanol vapor, the crystal structure of PLA film has higher
thermal stability than that after sorption of 1-propanol and 2-propanol vapors.
Under the treatment of alcohols with different carbon numbers, the crystal structure
of PLA was positioned as an intermediate product during the rearrangement of the
chain from amorphous to thermally stable a-crystal.

Similar to the vapor-induced situation, immersing PLA film in an organic
solvent can also make it cloudy which indicates the occurrence of crystallization
but would not change its chemical structure. Unlike vapor-induced crystallization,
organic solvent-induced crystallization forms a mixture of a-crystal and S-crystal
[73]. The crystal structure formed does not depend on the organic solvent but on
the degree of swelling [43,56,89]. For the molecular mechanism of solvent-Induced
crystallization, according to Tashiro and Yoshioka [90], the difference in the

interaction strength between the polymer and organic solvent depends on the type
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of solvent. The interaction between the random coil and the organic solvent causes
the micro-Brownian motion of the amorphous chain. It accelerates the
regularization of the random coil into a helical conformation. The short helical
segments thus produced grow longer and gather to form crystal domains [96-98]

as shown in Figure 2.7.

Solvent
% diffusion ‘N ‘Z‘ Nucleation m Crvstalh?atlon o

a) Random Coil (b) Micro-Brownian (¢) Short Helix d) Crystalline Domain
Motion of Long Helices

Figure 2.7 Schematic diagram of the structural evolution of solvent-induced PLA
films, adapted from [90,91].

In addition to the crystal structure of PLA immersed in the organic solvents,
the crystallinity also changes due to the degree of swelling. The crystallinity of
polymer can be estimated by using the following equation:

_ AHy, + AH,

X x 100 .
o=~ (2.26)

where AH,, is the melting enthalpy of polymer and AH, is the crystallization
enthalpy of polymer, and AHY, = 93]/g, it represents the enthalpy of the PLA
crystal (L-donor 100%), which has an infinite crystal thickness [56,93].

There are also some studies on whether organic solvents such as alcohols
can produce crystalline structure, thereby changing the X of PLA films. Sato et al.
[56] found that compared with the original amorphous PLA film, the film immersed

in the alcohols created a crystalline structure. Besides, as the X; increases, the
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crystal growth of the film gradually branches in a radial pattern. Iniguez-Franco et
al. [94] studied the solvent-induced crystallization and hydrolytic degradation of
PLA in 50% and 95% water-ethanol solutions. They found that after immersion in
the ethanol solutions at 40 °C for 15 days, the X; increased to about 26% for both
concentrations. And in 50% solution, PLA started to show higher X. after one
month due to the higher solubility of water molecules in the amorphous area of the
PLA film. They reported that the changes of X were related to the decrease of T,.
If the Ty is lower than 40 °C, the polymer chain has sufficient mobility and tends to
rearrange into a more stable crystal structure.

Figure 2.8 shows the first stage of transport of water-ethanol solution in the
PLA film as the occurrence of primary crystallization. In this stage, as the release
of the internal stress, the chains of PLA start to fold and form large amounts of
crystallites. In the second stage, the crystallization speed becomes slow, and the
chains can form small crystals dispersed in the amorphous region. In the third
stage, the remaining amorphous area can be preferentially hydrolyzed, and as the
degradation progresses, the net crystalline area increases [94-97]. In addition, the
time and temperature of the PLA film immersing in the solution also have a certain
effect on the X¢. Gao et al. [89] found that short time (50 minutes) immersion in
pure ethanol at room temperature did not cause crystallization of PLA film.
However, when mixed ethanol in different volume ratios with acetone, which is the
most effective solvent for crystallization of amorphous PLA [98], different shapes
of crystals would be produced, such as bundled spherulite and chrysanthemums-

like spherulite. Besides, Naga et al. [98] found that after amorphous PLA was
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immersed in methanol for 24 h, its X. would increase to 40.3%. They also found
that compared with other organic solvents such as acetone (ketone), ethyl acetate
(ester), and toluene (aromatic hydrocarbon), methanol (alcohol) induces

crystallization at a slower rate.

PLLA (acetone)
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PLA (water-ethanol solution)

st | Stage Il Stage Il

age i
: g Saturation, Nc_et cr.ystalllne
Primary region increases

e secondary .
crystallization o as degradation

crystallization proceed

Figure 2.8 The stages of solvent-induced crystallization in polymers, adapted from

[91,94,97].

2.3.3 Factors affecting changes of thermo-mechanical properties during in-situ

immersion
2.3.3.1 Solvent molecular sizes

The number of carbon atoms in the main chain of straight-chain alcohols
may affect the Ty of PLA immersed in the alcohol solutions. Sonchaeng et al. [67]
reported that when immersed in alcohols with smaller number of carbon atoms in
the main chain, the T4's of PLA films are lower than T4's of PLA films immersed in

alcohols with greater number of carbon atoms, which means that smaller alcohol
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molecules can diffuse faster through the free volume region. This is consistent with
the general observation that the size of the penetrant in the chemically similar
series is inversely proportional to the diffusion coefficient through the polymer
matrix [99]. In other words, when the number of carbon atoms in the main chain of
the alcohol increases, its diffusion coefficient will decrease. The decrease in the
diffusion coefficient reflects the need to create a critical activation volume in the
polymer that is proportional to the penetrant molecules. Moreover, some studies
have shown that the activation energy of diffusion is proportional to the molecular

size of the penetrant molecules [99-102].

2.3.3.2 Solvent concentration

The concentration of the alcohol solution has an effect on the X and Ty of
the PLA film. As mentioned before, Ifiguez-Franco et al. [94] indicated that the X;
of the PLA film immersed in the 50% ethanol solution is higher than that of 95%
ethanol solution, because water molecules have a higher solubility in the
amorphous region thus PLA can be hydrolyzed quickly. Then, because the
hydrolysis will reduce the amorphous area of PLA, the X. will increase even if the
crystalline area may remain unchanged. The hydrolysis process of PLA is shown
in Figure 2.9. Sonchaeng et al. [67] studied the Ty changes of PLA film when
immersed in different concentrations of 2-propanol /water solutions. Compared
with the original T4 of PLA, the Ty of the immersed film decreased the most in pure

2-propanol. As 2-propanol concentration decreases, the reduction in Tqg becomes
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smaller, which shows that the mass transfer of 2-propanol in PLA is related to the

concentration of the solution.

Figure 2.9 Hydrolysis of PLA, adapted from [103].
2.3.3.3 Branching of molecules

Some studies have explored the influence of the chemical structure of the
solvent on the performance of PLA. As structural isomers with the same chemical
formula, 1-propanol (straight-chain alcohol) and 2-propanol (branched-chain
alcohol) are often selected as experimental subjects. Figure 2.10 shows the
chemical structures of 1-propanol and 2-propanol. For alcohols with a small
amount of carbon, straight-chain alcohols pack more tightly than their branched
isomers, but the difference in their molecular volume is not large, which is about

1.8 mL/mol [104]. Sonchaeng et al. [67] found that there was no significant
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difference in the effect of immersion in 1-propanol and 2-propanol on the T4 value
of PLA. However, Moriizumi et al. [43] showed that after sorption of 1-propanol and
2-propanol, PLA film formed different crystal forms during the vapor-induced
crystallization process. The a and B crystal forms were formed in the PLA after
sorption of 1-propanol. Only a-crystal was formed in the PLA after sorption of 2-
propanol. Also, the sorption amount of 2-propanol (branched) was lower than 1-

propanol (linear).

OH

e )\

oA A

1-propanol 2-propanol

Figure 2.10 The chemical structures of 1-propanol and 2-propanol.

2.4 Applications of PLA in packaging

Since PLA has excellent biodegradability, biocompatibility, low energy
consumption for production, low toxicity, good moldability due to a Tm as low as
150 °C, and mechanical properties equivalent to traditional petroleum-based
polymers, it has significant advantages in commercially available bio-based
thermoplastic polymers [17,74,85,105-108]. In addition, with the development of
synthesis technology, routes for obtaining high molecular weight PLA have
become more mature, making it easy to process and to apply in many fields

including packaging. PLA has been approved for use in food packaging [17].
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Currently, the main thermoforming or extrusion packaging applications of PLA
include films, blister packaging, thermoforming food and beverage containers,
loose-fill packaging, and compostable bags [17,23,109]. In addition, lunch boxes
and fresh food packaging, as well as bottled water, juice, and yogurt packaging,
are also examples of PLA packaging applications. Specifically, a Danish dairy
company has used biodegradable PLA materials as their yogurt cups. The
potential of PLA in antibacterial packaging applications has also been explored,
such as composite films of PLA with nanoclay or other added biopolymers
[17,110-113]. PLA has also some shortcomings which limit its application, such as
its high brittleness, low thermal stability, low melt strength, low crystallization rate,
and poor rheological properties. So, mixing PLA with cheaper fillers has become
a common way to reduce costs and improve its properties [106]. For example, to
improve the foam-ability of foam packaging, Liu et al. [114] found that the addition
of a multi-epoxide chain extender (CE) improves the overall X; of PLA during
cooling, which has a major impact on the foam-ability. In addition, there are some
other methods to modify PLA’s properties, such as copolymerization and

multicomponent polymer blending [115—119].
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CHAPTER 3 Experimental

3.1 Materials

Poly(lactic acid) - PLA Ingeo™ 2003D resin supplied by NatureWorks LLC,

(Minnetonka, MN, USA) was used to produce PLA cast film. Alcohols used as

solvents in the immersion test were straight-chain alcohols with the number of

carbon atoms C1-C4 in main chains (i.e., methanol, ethanol, 1-propanol, 1-

butanol), branched-chain alcohol (2-propanol). All the alcohols were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Table 3.1 shows alcohols used in this

study. HPLC grade water (VWR, Radnor, PA, USA) and deuterium oxide (D20,

99.9 atom % D, Sigma-Aldrich) were used as solvent mixtures with the alcohols

for the immersion test.

Table 3.1 Properties of alcohols used for immersion tests.

Alcohols Linear Formula Main Boiling Molecular Ty AC, (Tg)
chain point weight (°C) J/(mol-K)
#C (°C) (g/mol)

methanol CHsOH 1 65 32.04 -170.4 30.0

ethanol CHsCH20H 2 79 46.07 -176.1 35.3

1-propanol CH3CH2CH20H 3 97 60.10 -173.3 45.0

2-propanol  (CHs)2CHOH 3 82 60.10 -158.0 46.0

1-butanol  CH3(CH2)sOH 4 118 74.12 -161.5 48.0

Data adapted from manufacturers’ data sheets [1-3].
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Figure 3.1 shows the chemical structure of of water and all the alcohols

used in this study. Table 3.2 shows the production information of the solvents

used in the immersion test.

OH
Hsc/\/

vyt

(d) 1-propanol

OH
H,c”

v

(b) methanol

OH

A

H,c” CH,

(e) 2-propanol

st

H,c” “OH

o

(c) ethanol

H,e” N"oH

(f) 1-butanol

Figure 3.1 Structure of alcohols used in immersion tests.

Table 3.2 Product information of solvents used for immersion tests.

Solvents Manufacturer CAS

methanol HPLC grade, = 99.9% Sigma-Aldrich 67-56-1

ethanol 200 proof, Sigma-Aldrich 64-17-5
HPLC/spectrophotometric

1-propanol ACS reagent, =2 99.5% Sigma-Aldrich 71-23-8

2-propanol ACS reagent, =2 99.5% Sigma-Aldrich 67-63-0
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Table 3.2 (cont'd)

Solvents Grade Manufacturer CAS
1-butanol ACS reagent, =2 99.4% Sigma-Aldrich 71-36-3
water (H20) HPLC grade VWR 7732-18-5
deuterium oxide 99.9 atom % D Sigma-Aldrich 7789-20-0
(D20)

Data adapted from manufacturers’ datasheets [1-3].

Deuterochloroform (CDCls, 99.8 atom % D) purchased from Sigma-Aldrich

was used as a standard purity solvent for nuclear magnetic resonance (NMR)

analyses. Hexamethylcyclotrisiloxane (CsH1803Sis, 98%) was obtained from

Sigma Aldrich and used as an internal standard in quantitative nuclear magnetic

resonance (QNMR). The structure of CeH18O3Si3 is shown in Figure 3.2.

CH,

Figure 3.2 Structure of hexamethylcyclotrisiloxane, (a) chemical structure (b) 3-D

chemical structure, adapted from [4].
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3.2 Methods
3.2.1 PLA film production
3.2.1.1 Cast film

PLA cast film was produced by a micro extruder supplied by Randcastle
Extrusion Systems, Inc. (Cedar Grove, NJ, USA) at 193-215 °C and 49 rpm. The
volume of the instrument is 34 cc. The screw diameter and working L/D isomer
ratio are 1.5875 cm and 24:1, respectively. PLA pellets were dried in a vacuum
oven at 60 °C for 24 h before extruding the film. The thickness of the produced
PLA film varied from 15 to 25 um. PLA films were stored in a refrigerator (-20 °C)
and conditioned at 23 °C (50% RH) for 24 h before use to minimize physical aging

[3]. The production procedure of PLA films is shown in Figure 3.3.

PLA Pellets Vacuum Oven
INGEO™ 2003D Dried at 60 °C, 24 h

PLA Film Cast Film Extruder
Thickness: 20+5 um Temperature: 193-215 °C
Screw speed: 49 rpm

Figure 3.3 Production of PLA film.
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3.2.1.2 Production of PLA amorphous film

To ensure that the PLA film was totally amorphous, a hot pressing process
was performed on the PLA film by using manual hydraulic compression presses
(PHI, City of Industry, CA, USA). The heating temperature was set as 160 °C which
is higher than the Tm of the PLA samples (150 °C), and the heating time was 10

minutes.

Two layers of Teflon (polytetrafluoroethylene—PTFE) were used to clamp
the original PLA film. After hot pressing, the film was cooled immediately to prevent
crystallization during the cooling process. The cold platens were used to cool the

hot PLA film. The hot-pressing process is shown in Figure 3.4.

 Featedplaten

I
|
|
|
— Teflon :
|
|
|
|

160 °C, heat for 10 min

Cold platen

Cold platen

Cool down

Amorphous PLA film
X (%)=0

Figure 3.4 Hot pressing process of PLA film. X; denotes percent crystallinity.

55



3.2.2 Thermo-mechanical property measurements
3.2.2.1 Dynamic mechanical analysis (DMA)

To measure the thermo-mechanical properties of the PLA films, an RSA-
G2 Solids Analyzer (TA Instruments, New Castle, DE, USA) DMA instrument was
used. The films were tested before and during the immersion process. Parameters
of the DMA test were set as follows: preload force 100 g, strain 0.2%, loading gap
15 mm, max gap changes up 5-10 mm, max gap changes down 1 mm, frequency
1 Hz, temperature ramp rate 5 °C/min with the set temperature range -5 °C —

100 °C [3].

Figure 3.5 shows the dry system and immersion system of DMA test. The
sample size of PLA films was 10 mm x 50 mm. The temperature ramp started at
25 °C for the dry environment and 5 °C for the immersions condition, respectively.
Before starting each immersion test, the alcohol solvents were precooled to 5 °C.

Liquid nitrogen was used to control the temperature.
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PLA FILM
10 % 50 mm

Alcohol solution

(b) Immersion system

Figure 3.5 Dry system and immersion system of DMA. (a) Dry system, (b)
Immersion system.

The thickness was measured in five different positions of the films using a
digital micrometer (Testing Machines Inc., Ronkonkoma, NY, USA) with 120 V, 60
Hz and the readability of 0.001 mm. Three replicates were tested for each film. The
immersion condition tests were conducted in alcohol-aqueous solution at 0, 25%,
50%, 75% and 100% (v/v) - volume ratio of alcohol to water (or D20) in the solution.

The dynamic moduli (storage modulus and loss modulus) and tan ¢ were obtained.

o0 is the phase angle between the stress and strain, which is a parameter to
characterize the viscoelastic behavior of a material, and tan ¢ can be defined as

follows:
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energy loss E"
tan 6 = gy =—

(3.1)

energy stored E'

where E' is the tensile storage modulus, and E” is the tensile loss

modulus [5].

The maximum value of tan 6 — peak as shown in Figure 3.6 — represents
the glass transition temperature of the PLA films. The data were analyzed using

the TRIOS software version 4.5.0 (TA Instruments).

104 4

10° |

107 |

) (Bjjep)ue]

107" |

Storage modulus (MPa) /A
Loss modulus (MPa)

10° )

10 : A — — 0
20 40 60 80 100

Temperature (°C)

Figure 3.6 Typical pre-immersion (dry) test results of PLA film from DMA, adapted
from [3]. Ty is the glass transition temperature of PLA film. The scaling type of tan
0 and dynamic moduli (storage modulus and loss modulus) are linear and log base

10, respectively.
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3.2.2.2 Parameter estimation: Flory-Huggins (FH) model

To determine the effect of the alcohol-aqueous solution on the PLA films,
the FH model based on the Hansen solubility parameters (HSP) was calculated to
evaluate the changes of Ty. The interaction parameters y;, can be obtained

through the equation below:
1 Vi 2 2 2
X1z =@ ﬁ((6d2 = 6a1)" + 0.25(6p2 — 8p1)° + 0.25(6pz2 — Sp1)°) (3.2)

where a’is the Lindvig’s coefficient, and it was set to be 0.6 in this study according
to the previous research [3,6], V/; denotes the molar volume of the solvent, R

represents the gas constant, and T is the temperature.

If the temperature is changed, the density will change and the HSP value
will change accordingly. So, the adjusted HSP is adjusted to the T4 of PLA
measured by DMA in this study. The adjusted HSP can be calculated by the

following equations [3,7]:

dé,
_ 3.3
— 1.25a6, (3.3)
) (3.4)
dr 2
d6h 3 a
Zh_ - = 35
aT (1.22x107° + 2)5h (3.5)

The adjusted HSP was calculated from HSP software (v5.3.06) under T4 =
62.8 °C instead of the normal temperature of 25 °C. The unadjusted and adjusted

HSP values are shown in Table 3.3.
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Table 3.3 HSP (6) and adjusted HSP (6*) of PLA and alcohols.

d4 854" 8y 5,," oy, 5y
Chemicals

(MPa'/%) (MPa'/?) (MPal/?2) (MPa'/?) (MPa'/2) (MPa'/?)
methanol 14.7 13.9 12.3 12.0 22.3 20.8
ethanol 15.8 14.9 8.8 8.6 19.4 18.1
1-propanol  16.0 15.2 6.8 6.7 17.4 16.2
2-propanol  15.8 15.0 6.1 6.0 16.4 15.3
1-butanol 16.0 15.2 5.7 5.6 15.8 14.8
water (H20) 15.1 14.5 20.4 20.1 16.5 15.5
PLA 17.6 17.5 5.9 5.9 6.4 6.1

Data adapted from [2,3,8,9]. The adjusted HSP is adjusted to the PLA in-situ T.

As shown in Figure 3.7, the Hansen solubility parameter of solvents mixture

can be calculated by the formulas below:

r a6d1 + b6d2

3.6

a a+b (3.6)

, a8y + b8y, 37

P a+b (3-7)
a6h1 + b6h2

et L e L) 3.8

h a+b (3.8)

where subscript 1 denotes solvent 1, and subscript 2 denotes solvent 2, a and b

are the volume ratio of solvent 1 and solvent 2.
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[6d1! 5p1s 6‘hl]
Solvent 1

[60'.2: 6392: 6h2]
Solvent 2

[6a, 6p, On]
Polymer

Figure 3.7 HSP of solvents mixture. R, is the HSP distance between solvent 1
and polymer, R, is the HSP distance between solvent 2 and polymer, and R, is

the HSP distance of the mixture.

The mix HSP values of alcohol-aqueous solution for PLA are shown in

Table 3.4.
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Table 3.4 The mix HSP (§') of alcohol-aqueous solution for PLA. The HSP
parameters of PLA (target materials) was [5, =17.4, §, = 5.9, §, = 6.1]; adapted

from [3,9,10].

Solvent 1 Solvent2 9% of Solvent 1 / 5. 5 /
d h

=7}

(MPa'/2)  (MPa'/?)  (MPa'/?)

methanol water 25% 14.4 18.1 16.8
50% 14.2 16.1 18.2
75% 14.1 14.0 19.5
ethanol water 25% 14.6 17.2 16.2
50% 14.7 14.4 16.8
75% 14.8 11.5 17.5
1-propanol  water 25% 14.7 16.8 15.7
50% 14.9 13.4 15.9
75% 15.0 10.1 16.0
2-propanol  water 25% 14.6 16.6 15.5
50% 14.8 13.1 15.4
75% 14.9 9.5 15.4

According to the interaction parameters, the partition coefficient K can be

calculated through the following equation:
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InKipp =10+ Xip — XiL (3.9)
where the subscript / denotes the solute, L denotes the liquid, P represents the

PLA, and r;, denotes the ratio of the liquid volume to the solute volume.

In addition, to evaluate the T4 changes of PLA immersed in alcohol-aqueous

solutions, the Fox equation was used. The T4 of the mixture can be calculated as

follows:
1 Wy W,
e s 3.10
Tg Tgr Ty (310)

where T,* denotes the T, of the mixture, w; represents the weight fraction of

component 1 (solvent), w, is the weight fraction of component 2 (polymer), and

w; + w, = 1. Ty, is the Tqof the solvent and T, is the T4 0f the polymer.

3.2.2.3 Differential scanning calorimeter (DSC)

To measure the degree of crystallinity of PLA samples after hot pressing, a
differential scanning calorimeter DSC Q100 (TA Instruments) calibrated with
indium standards was used. The weight of each sample was between 5 and 10
mg, and samples were sealed in the hermetic aluminum pans. There was one
heating cycle from 0 °C to 210 °C with a flow rate of 70 mL/min. The temperature
ramp rate was 10 °C/min, and each sample was tested on three replicates. The
software for analyzing the data was TA Instruments Universal Analysis 2000
version 4.5A (TA Instruments). From the step change and integration of the curve
obtained by the DSC instrument, the Ty and crystallinity of PLA films were obtained.
In addition, for studying the effect of alcohols on the crystallinity of PLA, DSC was
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also used to measure the crystallinity of PLA films after being immersed in the
alcohol solvents. The degree of crystallinity can be obtained by the following

equation:

%X, = —2 %100 (3.11)

where AH,, is the melting enthalpy of polymer, AH, is the crystallization enthalpy
of polymer, and AH?, = 93.7 ] /g represents the heat of fusion for 100% crystalline

PLA [11].
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Figure 3.8 A typical pre-immersion (dry) test result of PLA film from DSC, adapted
from [3]. T4 denotes glass transition temperature, T; is crystallization temperature,

Tm is melting temperature.
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3.2.3 Sorption of alcohol solvents
3.2.3.1 Nuclear magnetic resonance (NMR)

To measure the amount of alcohol solvents absorbed into the PLA films, an
Agilent DDR2 500 MHz NMR spectrometer (Agilent Scientific Instruments, Santa
Clara, CA, USA) equipped with 7600AS 96 sample autosamplers and running a

Vnmrd 3.2A software was used.

The PLA films were cut into circular disks with a diameter of 2 cm, threaded
into the stainless-steel wire with alternating glass beads and stored in vials
containing alcohol solvents. The samples were stored at 25 °C for different
durations (i.e., 0.5 h-72 h) in a PTC-1 Peltier effect temperature-controlled portable
cabinet (Sable System International, North Las Vegas, NV, USA). Samples
immersed in alcohols were wiped dry with low-lint tissues (AccuWipe disposable
delicate task wiper, Georgia-Pacific Consumer Products LP, Atlanta, GA, USA)
before the NMR tests to ensure the alcohol remaining on the surface of the sample

was removed.

For the preparation of the quantitative NMR (for proton) samples, the weight
of PLA samples was between 10 and 15 mg. The solvent used to dissolve the
samples was CDCls, and the volume was in the range of 0.6 to 0.7 mL. CDCIs does
not react with the PLA sample and can dissolve it quickly. For quantitative tests,
the internal standard was hexamethylcyclotrisiloxane, with a chemical shift at 0.18
ppm. This internal standard does not react with samples, and the chemical shift of
its chemical bond is different from that of the chemical bond of the analyte. The

parameters for the quantitative NMR test are shown below in Table 3.5.
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Table 3.5 Quantitative NMR parameters.

Parameters Abbreviation Calculation Values Ref.
Spectrometer frequency sfrq - 499.905
(MH2z)
Pulse width (us) pw 6 = yBit, 45° [12]
Acquisition time (s) at at = 2"_” 4.000 [13]
%
1 2sw
res = —=—
at np
Number of points np np =¥ 64102 [13]
p res
Sweep/ Spectral width sw DigitizeRate = 8012.8 [12]
(ppm) L
25w
Recycle delay (s) d1 dl =TT — at 60 [13]
TT =5%T,;
Number of scans nt - 64

* 0 is the angle through which the magnetization vector is rotated, y represents the
gyromagnetic ratio of perturbed nuclei, By denotes the strength of applied field, ¢,
is the pulse width [12], res is the digital resolution of the spectrum, TT is the total

time and T1=1/R, where R is the rate of relaxation [13].

Table 3.6 shows the chemical shifts of functional groups for PLA, CDClIs

and alcohols in the "H-NMR spectrum.
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Table 3.6 Chemical shifts in "TH-NMR spectrum (Solvent: CDCls).

Chemicals  Structure Chemical shifts 6 (ppm) Ref.
PLA g oy 1562 5.14° [14]
N\ _a
CDCls B 7.26 - [12,13]
Cl
methanol e 3.49 2 i [16]
ethanol H,c” P oH 1.2472 3.72° [16]
b
1-propanol  H,c” M 0.942 153>  360° [17]
OH
2-propanol 1.21-1.222  4.03-4.04" 15,16
prop Hac,lb\% [15,16]
a -]
1-butanol  H,c” PN 0H 0942 1.35b 152¢ 3659 [16,18]
a

a,b,c.d represents different hydrogen types.

Quantification of sample content can be calculated by adding internal

standards in the sample. The purity of the sample (% g/g) is obtained as follows:

_ IAnalyte NCal MAnalyte Mear
P sample = ’ ) )

- P, 3.12
ICal NAnalyte MCal mSample cat ( )
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where Pg,mpie denotes the purity of the sample as mass fraction. I,4y¢c is the
integral of the analyte signal, I.,; is the integral of the internal standard peak. N,
represents the number of calibrant reference material protons. N4y is the
number of analyte protons. Mgyt and Mg, are the molecular mass of the
analyte and calibrant reference standard, respectively. m., is the mass of
reference standard and mggmy. is the mass of sample. P, is the purity of the

calibrant peak of internal standard.
3.2.3.2 Vapor sorption analysis

A VTl SGA-100 Symmetric Vapor Sorption Analyzer (TA Instruments) was
used to determine the sorption isotherms of the PLA films. The PLA films were
dried in a vacuum oven for 24 h to ensure that there was no residual moisture in
the film. The sorption capacity of the PLA films in water and D20 environments at
25 °C was measured by gravimetric analysis. Three replicates were conducted for
each test. For each replicate, 15-25 mg samples were put into the tray of the
sample chamber. The relative humidity control range was from 0 to 95% RH and

with an RH step set as 10%.
3.2.4 Statistical analysis

The statistical significance was determined by a one-way analysis of
variance (ANOVA), and the mean differences were determined by Tukey's honest
significant difference (Tukey's HSD) test (a = 0.05). The software SAS Analysis

Software University Edition (SAS Institute Inc., Cary, NC) was used.
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CHAPTER 4 Results and Discussion

This chapter presents the effect of alcohol-aqueous solutions and water in PLA
films. The thermal properties before and after immersion of PLA films on these solutions
were investigated.

The Fox equation (Eq. 3.10) was used to establish a relationship between the
amount of alcohol sorbed and the change of Ty in PLA films. The Hansen solubility
parameters (HSP) were used to evaluate the solubility of PLA in alcohol-aqueous
solutions with different alcohol concentrations. The interaction between the alcohol-
aqueous solutions and PLA films were estimated by the Flory-Huggins interaction
parameters. The sorption amount of ethanol was measured by gqNMR, and the sorption

isotherm curves for PLA in water and D20 were also reported.
4.1 Thermal properties of pre-immersion PLA film

The effect of the alcohol solutions on the in-situ thermal properties of immersed
PLA films was assessed, and the thermal properties before and after immersion of the
films were compared. Figure 4.1 shows the DMA results for PLA film as dry samples (i.e.,
before immersion). According to the peak of the glass transition zone of the tan & curve,

the Ty was 62.8+0.4 °C.
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Figure 4.1 DMA test results of PLA pre-immersion samples: (a) Tan 6 curves; (b) Storage

modulus curves.

The Ty, Tm, the cold crystallization temperature (T¢), and the crystallinity (Xc) of the
original PLA films without hot pressing were measured by DSC. The results were T4 =

58.0£1.2 °C, Tm =149.9£0.5 °C, T, = 123.7+3.3 °C and Xc = 1.3+0.2% (see Figure 4.2).
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Figure 4.2 DSC test results of original PLA sample (i.e., without hot pressing). Ty, Tc and

Tmare 57.1 °C, 124.8 °C and 149.9 °C, respectively.

Compared with the DMA results, the T4 of the original film measured by DSC was
lower since the measured Ty depends on the heating rates and frequencies of the different
instruments, and each instrument measured different physical properties. DMA measured
mechanical changes and DSC measured calorimetric changes. There are reports that

DMA has a higher sensitivity to capture the T4 than DSC [1,2].

As mentioned in Chapter 3, a hot-pressing process was used to ensure that the
PLA films were totally amorphous before DMA testing. According to the results of DSC
tests of the pre-immersion PLA sample after the hot pressing process, T4 = 58.51£0.6 °C.
Tm =150.620.6 °C, Tc = 125.9+0.9 °C and Xc¢ = 0.4+0.2%. Table 4.1 shows the thermal

parameters of the original and hot-pressed PLA films. There is a significant difference
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between Xc of the original PLA film and the hot-pressed PLA film, but their Tg, Tm, and T¢

are not significantly different.
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Figure 4.3 DSC test results of pre-immersion hot-pressed PLA sample. Ty, Tc and Tn

are 57.8 °C, 126.7 °C and 150.7 °C, respectively.

Table 4.1 Thermal parameters of original and hot-pressed PLA films.

F|Im type Tg, oC Tm, oC Tc, oC XC, %

PLA 2003D (Original) 58.0+1.22 149.9+0.52 123.7+3.32 1.3+0.22

PLA 2003D (Hot-pressed) 58.5+0.62 150.6+0.62 125.9+0.92 0.4+0.2°

Note: Lowercase superscript letters indicate different comparison based on Tukey’s

HSD tests at a significance level of 0.05. Values with the same letter(s) are not different.
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4.2 Thermal properties of immersed PLA film

In this section, the changes of PLA’'s Ty immersed in the pure alcohols, alcohol-
aqueous and alcohol-D20 solutions are discussed. Relationships to assess the
interaction between the PLA films and the solutions calculated by HSP, Fox equation,

and the Flory-Huggins interaction parameters are presented.

4.2.1 T4 reduction of PLA immersed in pure alcohols

The Tg's of PLA films immersed in different solvents and the reduction of T4's
(compared with the no immersion sample measured by DMA) are summarized in Table
4.2 and the DMA results are shown in Figure 4.4. There were significant differences
between the Ty's of no immersion PLA film, and PLA films immersed in pure methanol,
ethanol, 1-propanol, 1-butanol and water (« = 0.05). However, there were no significant
difference between the Tg's of PLA films immersed in 1-propanol and 2-propanol and also
between water and D20 (a > 0.05) indicating that the shorter branched chain in 2-
propanol has no effect on the Ty of PLA film in comparison to 1-propanol. Also, the
difference in the length of the OH/OD bond and the difference in the length of hydrogen
bond between water and D20 has no effect on the T4 of PLA film. For alcohols with small
number of carbons, the packing density of the linear alcohol is higher than its branched
isomer [3], and although the molecular volume of these alcohol isomers (i.e., 1- and 2-
propanol) are different - a difference in the molecular volume of 1.8 mL/mol (1-propanol:

75.1 mL/mol, 2-propanol: 76.9 mL/mol), it may be too small to cause a difference in T4 [1].
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Table 4.2 T, of PLA films immersed in different solvents as tested by DMA.

Solvent #C Tg, °C Ty reduction, %
none (no immersion) - 62.810.4 @ -

methanol 1 15.2+0.1° 75.8

ethanol 2 243104 ° 61.3
1-propanol 3 27.7+0.8 ¢ 55.9
2-propanol 3 27.9+0.5 49 55.6

1-butanol 4 31.840.1 ¢ 49.4

water - 51.6+£0.3f 17.8

deuterium oxide - 52.7+0.3f 16.1

Note: Lowercase superscript letters indicate different comparison based on Tukey’s
HSD tests at a significance level of 0.05. Values with the same letter(s) are not different.

#C is the number of carbon atoms in the main chains of alcohols
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Figure 4.4 Tan ¢ (bottom) and storage modulus (top) of the PLA films immersed in

different alcohols as a function of temperature.

The Tq4 of the PLA films immersed in water and D20 decreased but not as much
as when compared with the T4 of the PLA films immersed in alcohols. Figure 4.5 shows
the graphical representation between the number of carbon atoms of alcohols and the
reduction of Tg. Compared with the PLA films not immersed in the alcohol solution, the Ty
of the PLA films immersed in methanol decreased up to 76%. With the increasing of the
number of carbon atoms in the main chain of alcohols, the drop of Tg became smaller. T4
is the thermal transition stage indicating the movement of the polymer chains throughout
the transition[4]. Tg's of the PLA films immersed in small molecular weight alcohols were
significantly reduced, indicating that these alcohols may plasticize the PLA chains,
increasing mobility and the free volume of the system, thereby causing the PLA chains to

move and leading to the decreased T4 [1,5]. Figure 4.5 also shows that the PLA films
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immersed in alcohols with higher number of carbon atoms in the main chain have a
smaller reduction in Ty, which may indicate that these alcohols have a less plasticizing
effect on the PLA matrix. So, alcohols with low number of carbon are easily diffuse
through the PLA matrix. Further modeling is needed to fully understand this mechanistic

behavior.
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Figure 4.5 Changes in the T4 values (in Celsius) of the in-situ immersed PLA films in
aliphatic alcohols (circle markers, showing average values and standard deviation bars)
from the T4 of dry PLA (horizontal dash line) as a function of the number of carbons of the
solvent chains. Values shown above the circle markers are percent T4 reduction from the

T, of dry PLA.
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4.2.2 Modeling relationship between pure alcohols and T4 changes of PLA

The T4's of the mixture of the alcohols and PLA film were estimated by using the
Fox equation (Eq. 3.10). According to the linear relationship calculated by the equation
and the experimental Ty obtained from DMA tests, the weight fraction of alcohols

absorbed in PLA films was estimated.
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Figure 4.6 Predicted T4 of PLA film immersed in pure alcohols and water versus solvent
weight fraction [6]. C1-C4 denote the carbon number in the main chain of alcohols and

C3b indicates 2-propanol.
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Table 4.3 Fox equation parameters and estimate solvent weight fraction.

Ty of solventused  Experimental T,  Solvent weight

Solvent Wz /W1,

in the Fox equation, of PLA, Fraction (w,),

K (°C) K (°C) % %
methanol  102.6 (-170.6) 288.4 (15.2) 7.39 7.98
ethanol 96.9 (-176.3) 297.5 (24.3) 5.33 5.63
1-propanol 99.7 (-173.5) 300.9 (27.7) 4.99 5.25
2-propanol 115.0 (-158.2) 301.1 (27.9) 6.10 6.50
1-butanol  111.5 (-161.7) 305.0 (31.8) 5.10 5.37
dry - 336.0 (62.8) 0.00 0.00
water 136.0 (-137.2) 324.8 (51.6) 2.31 2.36

Note: w,/w; denotes the estimated amount (wt %) of solvent absorbed into PLA films.

Figure 4.6 shows that the weight fraction of any solvents is no more than 7.4%,
corresponding to the weight fraction value of methanol. According to the weight fraction,
it can be stated that the amount of solvent absorbed by the PLA films from the highest to
lowest amount is methanol, 2-propanol, ethanol, 1-butanol and 1-propanol
(C1>C3b>C2>C4>C3). The significant decrease in the Ty of PLA immersed in methanol
may be due to a large amount of methanol absorbed into the PLA film. Additionally,
experimental work is needed to understand the predicted sorption difference between 2-
propanol and 1-propanol. The absorption of alcohols in amorphous PLA films was
quantitatively analyzed by gNMR experiments as later explained in section 4.3 Sorption

amounts of alcohols in PLA films.
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4.2.3 Effect of alcohol solution concentrations on Ty

The effect of alcohol solution concentrations on Ty of PLA was determined by in-
situ DMA tests. The T4 of PLA films immersed in 0% (v/v), 25%, 50%, 75% and 100%
methanol-aqueous solutions (an alcohol with 1 carbon atom) are illustrated in Figure 4.7.

The T4 of PLA was reduced by 8.6 °C per every 25% (v/v) increase of methanol.

The interaction between alcohol molecules and PLA leads to swelling and
plasticization of the PLA matrix, resulting in the movement of the PLA segments, thereby
reducing the T4 [1]. The extend of the swelling and the reduction of Ty is not yet fully

theoretically predicted.
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Figure 4.7 (a) Tan ¢ of PLA film in methanol-aqueous solution as a function of
temperature (b) Ty of immersed PLA versus the concentration of methanol-aqueous

solution.
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Figure 4.8 (a) Tan ¢ of PLA film in ethanol-aqueous solution as a function of temperature

(b) T4 of immersed PLA versus the concentration of ethanol-aqueous solution.

Figure 4.8 shows that the Ty was decreased by 7.6 °C per every 25% (v/v)

increase of ethanol (an alcohol with 2 carbon atoms). Compared with methanol, ethanol

has a smaller effect on the T4 reduction of PLA, which may be due to the fact that the

absorption of ethanol in PLA was less than methanol as predicted by Fox equation (Eq.

3.10) shown in Table 4.3, and the larger size molecule of ethanol when compared with

methanol.
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Figure 4.9 (a) Tan ¢ of PLA film in 1-propanol-aqueous solution as a function of
temperature (b) T4 of immersed PLA versus the concentration of 1-propanol-aqueous

solution.

Figure 4.9 and Figure 4.10 show that when the PLA films immersed in alcohol
solutions with 3 to 4 carbon atoms, the T4's decreased until 75% (v/v). T4's of 1-propanol
and 2-propanol decreased by approximately 8.6 °C and 8.9 °C for every 25% increase in
solvent concentration, respectively. Pure 1-propanol and 2-propanol have a similar effect
on the PLA films. The different carbon chain structures did not have much effect on the
Ty reduction of PLA films. The HSP distance and total HSP of these two structural isomers
are also similar, which means they may have similar solubility characteristics with PLA

(see later Table 4.4 and Table 4.5).

As the concentration of alcohol increases, the difference between straight-chain
alcohols (1-propanol) and alcohols containing branched chains (2-propanol) on the

decrease in Ty becomes smaller.
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Figure 4.10 (a) Tan ¢ of PLA film in 2-propanol-aqueous solution as a function of

temperature (b) T4 of immersed PLA versus the concentration of 2-propanol-aqueous

solution.
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Figure 4.11 (a) Tan ¢ of PLA film in 1-butanol-aqueous solution as a function of

temperature (b) Ty of immersed PLA versus the concentration of 1-butanol-aqueous

solution.
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Since 1-butanol is not miscible with water, we only assessed the concentration of
1-butanol at 100% (v/v). Figure 4.11 shows that the Ty of PLA immersed in 1-butanol is

reduced by about 20 °C compared with PLA immersed in water.

Figure 4.12 shows a comparison of the Ty reduction for PLA immersed in different
solutions. The effect of methanol and ethanol concentration on the change of Ty is close
to a linear relationship, while 1-propanol and 2-propanol reach the maximum effect on the

reduction of Ty at a concentration of 75%.

methanol ethanol 1-propanol 2-propanol

No immersion T : 62.8°C

7,(°C)

0% 25% 50% 75% 100% 125% 0% 25% 50% 75% 100% 125% 0% 25% 50% 75% 100% 125% 0% 25% 50% 75% 100% 125%

Concentration of alcohol - aqueous solutions

Figure 4.12 Reduction of T4 of PLA immersed in different alcohol-aqueous solutions.

IRiguez-Franco et al. [7] proposed that when conducting NMR experiments, water
from the environment interferes with the experimental results hindering the quantification
of water and alcohol sorption in PLA. So, the effect of alcohol-D20 solutions to T4 of PLA
was studied and results are shown as follows. Figure 4.13 to Figure 4.17 indicate that
the aqueous and D20 solutions have similar effects on the changes in T4's of PLA, which
indicates that the plasticization effect of alcohol in D20 solutions is similar to water.

Therefore, D20 could be used instead of water to configure the solution in a system that
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is hard to quantify water. Using D20 can also avoid the influence of water in the
environment when the absorption of alcohol is measured. This will later be explained in

section 4.3 Sorption amounts of alcohols in PLA films.
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Figure 4.13 (a) Tan ¢ of PLA film in methanol-D20 solution as a function of temperature

(b) Ty of immersed PLA versus the concentration of methanol-D20 solution.
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Figure 4.14 (a) Tan ¢ of PLA film in ethanol-D20 solution as a function of temperature (b)

T4 of immersed PLA versus the concentration of ethanol-D20 solution.
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Figure 4.15 (a) Tan ¢ of PLA film in propanol-D20 solution as a function of temperature

(b) T4 of immersed PLA versus the concentration of 1-propanol-D20 solution.
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Figure 4.16 (a) Tan ¢ of PLA film in 2-propanol-D20 solution as a function of temperature

(b) T4 of immersed PLA versus the concentration of 2-propanol-D20 solution.
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Figure 4.17 (a) Tan ¢ of PLA film in 1-butanol-D20 solution as a function of temperature

(b) T4 of immersed PLA versus the concentration of 1-butanol-D20 solution.

Figure 4.18 and Figure 4.19 show the summary of Ty of PLA immersed in C1-C4

alcohol-aqueous and alcohol-D20 solutions as a function of alcohol concentrations.
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Figure 4.18 T4 of PLA immersed in alcohol-aqueous solutions as a function of alcohol
concentration. (H) denotes water. Methanol (H) is methanol-aqueous solution, ethanol (H)
is ethanol-aqueous solution, 1-propanol (H) is 1-propanol-aqueous solution, 2-propanol

(H) is 2-propanol-aqueous solution and 1-butanol (H) is 1-butanol-aqueous solution.
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Figure 4.19 T, of PLA immersed in alcohol-D20 solutions as a function of alcohol
concentration. (D) denotes D20. Methanol (D) is methanol-D20 solution, ethanol (D) is
ethanol-D20 solution, 1-propanol (D) is 1-propanol-D20 solution, 2-propanol (D) is 2-

propanol-D20 solution and 1-butanol (D) is 1-butanol-D20 solution.

Although the changes in Ty's of PLA films immersed in aqueous-alcohol solutions
were quantified experimentally, there still lacks theoretical understanding of these
behaviors. The next section presents some limit work on this area; however, much focus

and additional research will be needed to fully explain these behaviors.
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4.2.4 Solubility of PLA in alcohols determined by HSP

The experimental PLA HSP previously measured by our research group were [§4

=17.5, §,= 5.9, §, = 6.1] with a radius of 2.9 [8], as shown in Figure 4.20.
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Figure 4.20 Hansen solubility parameters 3D plot of PLA, water and alcohols (C1-C4) at
Tyg. PLA HSP data adapted from reference [9]. The x-axis, y-axis, and z-axis represent
the dispersion (&,), polar (6,), and hydrogen bonding (5,), respectively. The light blue
square represents the 75% (v/v) methanol-aqueous solution, and red squares denote the
water (1% soluble) and alcohols. Letter a, b and c indicate 1-propanol, 2-propanol and 1-
butanol, respectively. The green dash line indicates the HSP distance. The original HSP
data of PLA is from reference [9], and it was adjusted to the temperature where the T4 of

PLA was observed in the in-situ immersion DMA test by using Eq. 3.3 — 3.5.
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Figure 4.20 shows that alcohols are at the outside of the interaction sphere [6; =
17.5, 6, = 5.9, 6, = 6.1], which means they are poor solvents for PLA. However, there
may still be some relatively small interactions between alcohols and PLA. The total HSP
in Table 4.4 and Table 4.5 were calculated by using Eq. 2.8, and the Hansen solubility
parameter distance (R.) was obtained from Eq. 2.9. The adjusted HSP at T4 shown in

Table 4.5 were estimated by Eq. 3.3 — 3.5.

Table 4.4 Hansen solubility parameters and interaction parameters at 25 °C.

Total
Interaction
HSP at 25 °C HSP distance solubility
Solvent parameter
[8a, 6p, Onl (Ra) parameter
(x12) at 25 °C
(6¢)
PLA [17.6, 5.9, 6.4] - 19.6 -
methanol [14.7,12.3, 22.3] 18.1 29.4 0.80
ethanol [15.8, 8.8, 19.4] 13.8 26.5 0.68
1-propanol [16, 6.8, 17.4] 11.5 24.6 0.60
2-propanol [15.8, 6.1, 16.4] 10.6 23.6 0.53
1-butanol [16, 5.7, 15.8] 9.9 23.2 0.55
water [15.1, 20.4, 16.5] 18.4 30.3 0.37
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Table 4.5 Hansen solubility parameters and interaction parameters at 7.

Total Thermal
HSP Interaction
HSP at T4 solubility ~ expansion
Solvent distance parameter
[64, 6p, Ol parameter coefficient
(Ra) (x12) at Tg
(6¢) (a),1/°C
PLA [17.5, 5.9, 6.1] - 19.5 0.00007 -
methanol [14.9,12.4,22.7] 18.6 29.8 0.0012 0.88
ethanol [15.8,8.8,19.4] 14.0 26.6 0.0012 0.71
1-propanol [15.9,6.8,17.3] 11.7 24.5 0.0011 0.62
2-propanol [15.7,6.1,16.3] 10.8 23.5 0.0011 0.54
1-butanol [15.9,5.7,15.6] 10.0 23.0 0.001 0.55
water [14.6, 20.2, 15.8] 18.2 29.5 0.0009 0.33
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Table 4.6 Hansen solubility parameters of mixture at Ty.

Total
HSP
Mix HSP solubility
Solvent 1 Solvent2 % of Solvent 1 distance
[64", 6", 6] parameter
(Ra)
(6¢)
methanol water 25% [14.7,18.3,17.5] 17.7 34.2
50% [14.8, 16.3, 19.3] 17.6 34.5
75% [14.8,14.4,21.0] 17.9 35.2
ethanol water 25% [14.9,17.4,16.7] 16.4 34.7
50% [15.2,14.5,17.6] 151 32.8
75% [15.5,11.7,18.5] 14.2 31.3
1-propanol  water 25% [14.9,16.9, 16.2] 15.7 30.3
50% [15.3,13.5, 16.6] 13.7 30.0
75% [15.6,10.2, 16.9] 12.3 34.7
2-propanol  water 25% [14.9,16.7,15.9] 15.5 31.9
50% [15.2,13.2,16.1] 13.2 29.7
75% [15.4,9.6,16.2] 115 28.0

The Flory-Huggins interaction parameters (y,,) between pure alcohols and the
PLA at different temperatures are shown in Table 4.4 and Table 4.5. Compared with
alcohols, y,, of water is closer to zero. A large y,, value indicates a big difference in
interaction energy of the solvent molecule immersed in polymer compared with the one
in solvent. If y,, is greater than zero, it shows that the solvent “dislike” the polymer, which
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means the solvent and the polymer are not similar and generally insoluble in each other

[10].

The pure alcohols were found in the region of relatively high dispersion interaction
and hydrogen bonding interaction and relatively low polar interaction as shown in Figure
4.20. But for alcohol-aqueous solutions, their polar interactions were greater than those
of the pure alcohols. Also, lower Raindicates better solubility. In this case, methanol has
the greatest distance from the PLA center sphere, which means PLA has the worst

solubility in methanol compared to the solubility in the other solvents in this study.

As mentioned before, liquids with similar solubility parameters are miscible [11].
Table 4.4 and Table 4.5 indicate that the difference between the solubility parameters of
1-butanol and water is relatively large, indicating they cannot be mixed very well. Mixing
these two liquids cause layering or phase separation. Therefore, for 1-butanol, only 0%
(v/v) and 100% concentration data was obtained from the DMA immersion experiment as

explained in section 4.2.3.
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Figure 4.21 T, of PLA film as a function of Flory-Huggins interaction parameter.

Figure 4.21 shows the relationship between the T4 of PLA films immersed in pure
alcohols (C1-C4) and water, and the x;,. The PLA films immersed in pure methanol (C1)
has the lowest Ty, highest x;, and largest predicted sorption amount, which is
contradictory to what should be expected from x;, where for small solvents x;, is small
or negative. If x,, is small or negative, a polymer will expand and/or dissolve in a solvent.
In the case of poor solvents, x;,> 0, the polymers will avoid contacts with the solvent;
thus, the polymer coils will be much more compact and immiscible with the solvent.

Further research of the x;, and the sorption of alcohol in PLA is needed.

HSP indicates that all the tested alcohols are not good solvents for PLA. However,
all these alcohols diffuse into PLA and plasticize the polymer matrix reducing PLA's Tg.
According to the DMA experiment results, the estimated sorption amount of methanol in
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the PLA calculated by the Fox equation (Eq. 3.10) shows almost 8.0% methanol absorbed
in the PLA (Figure 4.6). PLA immersed in 1-propanol (C3) and 2-propanol (C3b) has

similar T4 and the x,, of 1-propanol is a little higher than that of 2-propanol.

For pure (100% concentration) alcohol solutions, alcohols with the total HSP closer
to PLA HSP have a greater impact on the reduction of PLA's Ty. This may be because
the components with similar solubility parameters are more compatible with each other,
as shown in Figure 4.20. It can be seen that the total HSP of 1-butanol is the closest to
PLA from Table 4.4 and Table 4.5. Although 1-butanol is still some distance away from
the PLA sphere (outside, which means it is not a good solvent); it is the closest to PLA

sphere compared to other alcohols.

Different types of PLA may have different properties, such as the proportion of L-
lactide and D-lactide, and thus have different solubility for alcohols. To calculate the
solubility parameters and interaction parameters more accurately, it may be necessary to
use multiple solvents to estimate the HSP of PLA, and then calculate the solubility radius

of PLA used in the experiment.

Figure 4.20 also shows that even if alcohols and water are poor solvents to PLA,
their mixed solutions may have better solubility or compatibility since the mixture’s
coordinates are on the connecting line of alcohols and water, and the coordinates of the

mixture may be closer to the center of the PLA sphere.
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4.3 Sorption amounts of alcohols in PLA films

4.3.1 Basic information about "H-NMR spectrum of PLA
Figure 4.22 shows the "H-NMR spectrum (immersion time: 72h) and the chemical
shifts of PLA, ethanol, CDCIs and the internal standard. Table 4.7 shows the compound

group and their chemical shifts of ethanol in PLA in the "H-NMR spectrum.
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Figure 4.22 The '"H-gNMR result of the PLA film immersed in pure ethanol (Immersion

time: 72h).
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Table 4.7 "H-gNMR compound group and chemical shifts of ethanol in PLA.

Compound Group Chemical shifts (ppm)
ethanol CHs-CH2-OH 1.22
ethanol CHs-CH2-OH 3.70
PLA -O-CH-CH3-COO- 1.56
PLA -O-CH-CH3-COO- 5.14
Data adapted from reference [12].
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Figure 4.23 'H-gNMR results of PLA immersed in pure ethanol for Oh to144h.
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Figure 4.23 shows the "H-gNMR results of PLA immersed in pure ethanol for Oh
to 144h. The common splitting patterns in the "TH-qNMR spectrum include singlet, doublet,
triplet (intensity ratio = 1:2:1) and quartet (1:3:3:1). Figure 4.24 shows the commonly
observed splitting patterns in an "H-NMR spectrum, and according to the N+1 rule (N is
the number of neighboring spin-coupled nuclei with the same coupling constant), so the

group of compounds can be distinguished.

singlet doublet triplet quartet quintet

Figure 4.24 Commonly observed splitting patterns in '"H-NMR spectrum. J denotes

coupling constant.

4.3.2 Sorption amount of pure ethanol in PLA films

According to Eq. 3.12, the sorption amount of pure ethanol solvent in PLA films
can be calculated from the 'H-gNMR results. As shown in Figure 4.25, when the
immersion time reach to 4 h, the maximum amount of ethanol sorbed in PLA samples is
approximately 9.16% (g-ethanol/g-PLAx100%), which is a little higher than the estimated
value of 5.63% obtained from the Fox equation (Eq. 3.10). This maybe because of the
quenching treatment of PLA samples for NMR experiment, which leads to less crystallinity
(or amorphous) of PLA sample used in DMA experiment. The crystalline parts are

arranged regularly, so the PLA film with more crystalline parts may absorb less solution.
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Figure 4.25 Ethanol sorption in PLA samples as a function of immersion time at 25 °C.

According to Figure 4.25, after the first 4 h, in the following two days, the amount
of ethanol absorbed gradually decreased. This may be due to the increase of
crystallization in the PLA film leading to a reduction in amorphous areas (as shown in
Figure 4.26 and Figure 4.27). After the immersion time exceeds 48 h, the absorption of

ethanol gradually stabilized, reaching about 4.95%.
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Figure 4.26 Percent crystallinity of PLA film immersed in ethanol versus immersion time

at 25 °C.

Table 4.8 shows Tm, T and T4 of the PLA films immersed in pure ethanol. PLA

films immersed in ethanol for 48h and 72h did not show a cold crystallization peak.
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Table 4.8 Results of melting, crystallization and glass transition temperature of PLA film

immersed in pure ethanol from DSC tests.

Immersion time (h) Tm (°C) T: (°C) T4 (°C) Xc (%)

0 1499 + 1.2 1219 £+ 6.9 585 + 0.1 0.2+04
0.5 1518 = 0.3 1016 = 7.2 61.0 + 2.0 2.6+0.7
1 1481 £+ 0.3 1128 = 1.7 606 + 1.0 1.0+0.2
2 1495 + 24 1039 = 7.0 609 + 14 2706
4 1518 £+ 0.2 100.2 =+ 23 61.1 + 1.3 2908
6 1524 £+ 0.3 1011 = 41 59.0 + 3.7 24412
8 1524 + 041 107.7 = 0.3 60.2 + 24 2.0%0.1
12 1524 £+ 0.6 100.2 £+ 1.9 60.0 + 44 5.2+1.1
18 1522 £+ 0.2 989 + 23 62.3 + 0.3 142417
24 1519 £+ 0.2 96.1 + 0.9 59.8 + 24 23.6x04
48 1523 + 0.3 - 534 + 22 294415
72 1518 = 041 - 59.8 + 2.3 30.5+0.9

Figure 4.27 shows the relationship between the amount of ethanol sorption and
the X. of the PLA sample. With the increase of X;, the absorption of ethanol by PLA film
decreases. At the initial stage of immersion of the PLA film in ethanol (within 12 h), the X¢
change is below 3%. As the immersion time increases, the X; of the PLA film gradually

rises, and it exceeds 20% at 24 h, then stabilizes at approximately 30% after 48 h
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immersion. PLA is a slow crystallizable polymer; therefore, it takes approximately 8 h for

the induce crystallization of PLA in ethanol to make an effect on the ethanol sorption.

Studying PLA crystallization kinetics when PLA is submerged in ethanol can help
to elucidate the crystallization rate and couple these results with ethanol sorption studies.
During the immersion in alcohols, the chain scission-induced crystallization can occur.
Limsukon et al. [13] studied the hydrolytic degradation of PLA immersed in 50% ethanol-

aqueous solution and reported that the Xc increased as the hydrolysis proceeded.
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Figure 4.27 Relationship between ethanol sorption amount (left y-axis), percent

crystallinity (right y-axis) and the immersion time.

Figure 4.28 shows that in the case of in-situ immersion, the T4 of the PLA
immersed in ethanol has not changed much from the T4 of dry PLA at 60 °C. As the

immersion time increases, the crystallization peak disappears proven that no additionally
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crystallization is possible due to the completed crystallization of the PLA film during the

immersion process.
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Figure 4.28 DSC results for amorphous PLA with different immersion time in pure ethanol

at 25 °C (first heat run).

4.3.3 Sorption isotherm of PLA with water and D20

Figure 4.29 and Figure 4.30 shows the sorption isotherm of PLA in water and D20

at 25 °C, respectively. The total moisture content at 95% RH are different for PLA in water

and D20. The moisture content is greater for PLA in D20 than for PLA in water, which
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means at the same temperature, PLA films can absorb more D20 than water. Additionally,

the sorption data for D20 is more disperse than water.

IRiguez-Franco et al. [12] measured the sorption isotherm of water and D20 in PLA
films at 40 °C and found that when PLA films were exposed to 80% RH, the moisture
content was approximately 0.7 g-water/100 g-dry PLA, which is similar to the results in

this thesis. The sorption isotherm of water at 40 °C is shown in the Appendix C ().
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Figure 4.29 Sorption isotherm curve of PLA film in water at 25 °C.
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Figure 4.30 Sorption isotherm curve of PLA film in D20 at 25 °C.
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APPENDIX A: One-way ANOVA results of Ty of PLA immersed in pure alcohols.

One-way ANOVA

Table A1 One-way ANOVA table (The GLM Procedure).

Dependent Variable: T,

Source DF Sum of Squares Mean Square F Value Pr>F
Model 7 5873.745096 839.106442  4591.24 <.0001
Error 16 2.924200 0.182762
Corrected Total 23 5876.669296
R-Square Coeff Var Root MSE Ty Mean
0.999502 1.163193 0.427507 36.75292
Source DF Type | SS Mean Square F Value Pr>F
alcohol 7 5873.745096 839.106442 4591.24 <.0001
Source DF Type lll SS Mean Square F Value Pr>F
alcohol 7 5873.745096 839.106442 4591.24 <.0001
Table A2 LS-means of Ty of PLA immersed in pure alcohols.
alcohol T, LSMEAN Standard Pr> |t]
rror
1-butanol 31.8000000 0.2468215 <.0001
1-propanol 27.7333333 0.2468215 <.0001
2-propanol 27.9000000 0.2468215 <.0001
D20 52.7000000 0.2468215 <.0001
dry 62.8000000 0.2468215 <.0001
ethanol 24.3233333 0.2468215 <.0001
methanol 15.1666667 0.2468215 <.0001
water 51.6000000 0.2468215 <.0001
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Table A3 Tukey grouping results.

Tukey Grouping for alcohol
Least Squares Means (Alpha=0.05)

LS-means with the same
letter are not significantly

different.
alcohol Estimate
dry 62.8000 A
DO 52.7000 B
B
water 51.6000 B
1-butanol 31.8000 C
2-propanol 27.9000 D
D
1-propanol 27.7333 D
ethanol 24.3233 E
methanol 15.1667 F
alcohol Least Squares Means
alcohol Estimate Stg“dard DF  tValue Pr> |t|
rror
dry 62.8000 0.2468 16 254.43 <.0001
methanol 15.1667 0.2468 16 61.45 <.0001
ethanol 24.3233 0.2468 16 98.55 <.0001
1-propanol 27.7333 0.2468 16 112.36 <.0001
2-propanol 27.9000 0.2468 16 113.04 <.0001
1-butanol 31.8000 0.2468 16 128.84 <.0001
water 51.6000 0.2468 16 209.06 <.0001
DO 52.7000 0.2468 16 213.51 <.0001
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Table A4 Differences of alcohol least square means table.

Differences of alcohol Least Squares Means
Adjustment for Multiple Comparisons: Tukey

alcohol alcohol’ Estimate Standard Error DF tValue Pr>|t| AdjP
dry methanol 47.6333 0.3491 16 136.46 <.0001 <.0001

dry ethanol 38.4767 0.3491 16 110.23 <.0001 <.0001
dry 1-propanol  35.0667 0.3491 16 100.46 <.0001 <.0001
dry 2-propanol  34.9000 0.3491 16 99.98 <.0001 <.0001

dry 1-butanol 31.0000 0.3491 16 88.81 <.0001 <.0001
dry water 11.2000 0.3491 16 32.09 <.0001 <.0001
dry D20 10.1000 0.3491 16 28.93 <.0001 <.0001
methanol ethanol -9.1567 0.3491 16 -26.23 <.0001 <.0001
methanol 1-propanol -12.5667 0.3491 16 -36.00 <.0001 <.0001
methanol 2-propanol  -12.7333 0.3491 16 -36.48 <.0001 <.0001
methanol 1-butanol -16.6333 0.3491 16 -47.65 <.0001 <.0001
methanol water -36.4333 0.3491 16 -104.38 <.0001 <.0001
methanol D0 -37.5333 0.3491 16 -107.53 <.0001 <.0001
ethanol 1-propanol -3.4100 0.3491 16 -9.77 <.0001 <.0001
ethanol 2-propanol -3.5767 0.3491 16 -10.25 <.0001 <.0001
ethanol 1-butanol -7.4767 0.3491 16 -21.42 <.0001 <.0001
ethanol water -27.2767 0.3491 16 -78.14 <.0001 <.0001
ethanol D20 -28.3767 0.3491 16 -81.29 <.0001 <.0001
1-propanol 2-propanol -0.1667 0.3491 16 -0.48 0.6395 0.9996
1-propanol 1-butanol -4.0667 0.3491 16 -11.65 <.0001 <.0001
1-propanol water -23.8667 0.3491 16 -68.37 <.0001 <.0001
1-propanol D20 -24.9667 0.3491 16 -71.53 <.0001 <.0001
2-propanol 1-butanol -3.9000 0.3491 16 -11.17 <.0001 <.0001
2-propanol water -23.7000 0.3491 16 -67.90 <.0001 <.0001
2-propanol D.O -24.8000 0.3491 16 -71.05 <.0001 <.0001
1-butanol water -19.8000 0.3491 16 -56.72 <.0001 <.0001
1-butanol D20 -20.9000 0.3491 16 -59.88 <.0001 <.0001
water D20 -1.1000 0.3491 16 -3.15 0.0062 0.0885
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Figure A1 Distribution plot of T4 of PLA.
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Figure A2 Fit diagnostics plots for Ty of PLA.
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Ta Comparisons for alcohol
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Figure A3 The differences comparisons of Ty for alcohol.
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APPENDIX B: T1 measurement for quantitative NMR test.
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Figure B1 T1 measurement for quantitative NMR experiment.
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APPENDIX C: Sorption isotherm for water vapor in PLA films.
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Figure C1 Sorption isotherm for water vapor in PLA films at 40 °C.
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CHAPTER 5 Conclusions
5.1 Overall conclusions

As one of the main renewable and compostable polymers, PLA has many good
attributes such as low carbon footprint and an optional end of life scenario which is
composting. However, PLA is susceptible to hydrolysis under environmental conditions
such as temperature and humidity which it experiences during its shelf life. Besides, PLA
interactions with organic solvents affect its thermal properties and hydrolytic degradation
process during its storage [1]. So, the aim of this study was to determine the thermo-
mechanical properties of PLA film immersed in alcohol-aqueous solutions and to quantify

the sorption amount of alcohols into PLA film.

First, the changes in Ty of PLA films immersed in alcohol-aqueous/D20 solvents
were determined using in-situ immersion DMA. According to the results, immersion of
PLA in water and alcohol had an effect on the T4 of PLA. Due to plasticization of the PLA
matrix by the solvents, the mobility of the polymer system increased so that the PLA’s Ty
is decreased. Specifically, compared with the PLA film not immersed in the alcohol
solution, the T4 of the film immersed in pure methanol decreased up to 76%. Compared
to the Ty of dry PLA film, the T4 of PLA film immersed in pure ethanol, 1-propanol, 2-

propanol and 1-butanol decreased 61%, 56%, 56%, 49%, respectively.

Furthermore, the PLA films’ T4's were affected by the concentration of the alcohol
solutions. For methanol and ethanol (alcohols with 1 and 2 carbon atoms, respectively),
the Ty's were decreased by 8.6 °C and 7.6 °C per every 25% (v/v) increase of alcohol,

respectively. When the PLA films were immersed in solutions of alcohols with 3 to 4
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carbon atoms (i.e., 1-propanol, 2-propanol), the PLA Tg's decreased until 75% (v/v). Tg's
of 1-propanol and 2-propanol decreased by 8.6 °C and 8.9 °C for every 25% (v/v) increase
of 1 or 2-propanol, respectively. As the concentration of alcohol (v/v) increased, the
difference between straight-chain alcohols (1-propanol) and alcohols containing
branched chains (2-propanol) on the decrease in Ty of PLA became smaller. 1-butanol
was not as soluble as the shorter chain alcohols (e.g., methanol), so only 100% v/v of 1-
butanol could be assessed. The T4 of PLA immersed in pure 1-butanol decreased

approximately 20 °C compared with PLA immersed in water.

All the alcohols used in this study are on the outside of the interaction range of the
HSP sphere, which means they are poor solvents for PLA. Based on the HSP, the
interaction between PLA and alcohols should be relatively small. However, plasticization
of PLA by the alcohols was evidenced by the reduction of PLA's Tg. Crystallinity evolution
of the PLA films also inferred interactions. For pure (100% concentration) alcohol
solutions, the alcohol with the total HSP closer to PLA films has a greater effect on the

reduction of PLA's Ty.

Aqueous and D20 solutions have similar effects on T4 changes, indicating that it is
feasible to use D20 instead of water to measure sorption results of ethanol and D20 by
H-gNMR, in case that water interferes with the experimental results, and hinders the

quantification of water and alcohol sorption in PLA.

During the second phase of this study, the amount of ethanol sorbed into the PLA
film was investigated by 'H-qNMR experiments. The sorption amount of ethanol in PLA
within the immersion time of 0 h to 144 h at 25 °C was measured. When the immersion

time reaches 4 h, the PLA sample has the largest sorption amount of ethanol, which was
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about 9.16% (g-ethanol/g-PLA%x100%), which was slightly higher than the estimated value

of 5.63% (g-ethanol/g-PLAx100%) by the Fox equation (Eq. 3.10).

In the final phase, the X: of PLA immersed in pure ethanol during different
immersion time at 25 °C was measured by DSC. The results showed that in the first 12
h, the change in X; was small (< 3%). As the immersion time increased, the X; of the PLA
film increased. When the immersion time reaches 24 h, the X: exceeded 20%. Since the
amorphous region in the film decreased, sorption amount of ethanol decreased. After 48
h of immersion, the X; was stabilized at around 30%, and the ethanol sorption amount

was also stabilized at about 5%.

The water and D20 sorption of PLA at 25 °C were measured. It was found that in

the same %RH, PLA could absorb more D20 than water.
5.2 Future work

This study provided experimental insights on the interaction of PLA films when it
was submerged with organic solvents, specifically alcoholic-aqueous and alcoholic-D20
solutions. Future work should focus on further understanding the interaction relationship
between water, alcohols and PLA. The HSP radius of amorphous PLA as used in this
work should be tested experimentally to improve the evaluation for the solubility of PLA
film in alcohol-aqueous solution. Also, the sorption amount of other organic solvent (such
as methanol, 1-propanol, 2-propanol, etc.) and alcohol-aqueous solutions with different
concentrations (volume ratio between alcohol and water) should be investigated by gNMR
to understand the effect of different alcohols to PLA matrix. Still, the impact of the alcohol
concentrations and the resulting thermo-mechanical properties need much further

research.
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